Vaccinia virus is the prototypal member of the poxvirus family, which is comprised of a number of animal and human pathogens, including smallpox. These viruses have the largest DNA genomes of all animal viruses, typically encoding some 200 different proteins (reviewed in reference 23). They are unique among DNA viruses in their residence exclusively in the cytoplasm of the host cell, where they replicate DNA, synthesize mRNA, and assemble progeny virus. This apparent autonomy from the nucleus is possible because these viruses encode many of the proteins that function in nucleic acid biosynthesis, including a DNA polymerase, RNA polymerase, transcription factors, and a nearly complete repertoire of mRNA modification enzymes.
Vaccinia virus coordinates its progression through its replicative cycle by expressing individual proteins at specific times. The temporal regulation of gene expression is controlled at the level of transcriptional initiation (reviewed in reference 4). The multisubunit viral mRNA polymerase, which structurally resembles its cellular counterparts, is responsible for all mRNA synthesis. Virus-encoded transcription factors are required for transcription of the early, intermediate, and late classes of genes which are activated in that order. The factors required for activation of each class are products of the preceding class, establishing a cascade for gene activation. The early-class genes have a characteristic promoter element centered 20 nucleotides upstream of the transcriptional start site that is targeted by the virus-encoded protein ETF. Intermediate gene transcription in vitro has been reported to require the viral E4L gene product (28) , the viral capping enzyme (41) , and virus-encoded VITF-3 (30) . A fourth factor called VITF-2 that stimulates transcription in vitro, was reported to be a cellular factor (29) recently identified as G3BP, a putative RNA binding protein, and/or p137 (15) . Cellular transcription factor YY1 was reported to target a promoter element at the transcriptional start site in the I1L promoter, now known to be an intermediate-class promoter, suggesting that YY1 activates this promoter (6) . Recent evidence, however, indicates that YY1 represses rather than activates the I1L promoter (unpublished results). Late transcription also requires three virusencoded proteins for transcription in vivo and in vitro: the A1L, A2L, and G8R gene products (16) . No role for any of the late factors in transcription is known. Cellular heterogeneous nuclear riboproteins A2/B1 and RBM3 were reported to stimulate transcription from a late vaccinia virus promoter in vitro and were reported to have affinity for poly(T) tracts (42) . Some vaccinia virus late promoters have T-rich sequences (10) , but these are not a universal feature of late promoters. Evidence supporting the activation of vaccinia virus transcription in virus-infected cells has not been reported.
None of the vaccinia virus-encoded intermediate and late transcription factors has been demonstrated to have promoter binding activity, raising the possibility that host proteins may fulfill that function. In this study, systematic analyses of the sequence requirements for a vaccinia virus intermediate and a vaccinia virus late promoter were performed. The results indicate that an essential element for both classes of promoters resembles a TATA box as found in RNA polymerase II promoters in nuclear genes. The TATA box is the target for the widely important cellular transcription factor TATA-binding protein (TBP; reviewed in references 7 and 25). TBP is utilized by RNA polymerases I, II, and III as an integral component of transcription factors selectivity factor I, TFIID, and TFIIIB, respectively. The incorporation of TBP into the seemingly in-
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Sequence requirements for vaccinia virus intermediate and late gene transcriptional promoters.
A systematic analysis of the DNA sequence requirements for a single vaccinia virus intermediate promoter has been reported. Baldick and Moss described two essential elements in the G8R promoter: a TAAAA sequence on the nontemplate strand at nucleotides Ϫ1 to ϩ4 relative to the transcriptional start site, and another of the sequence TTTAAATAATT at Ϫ27 to Ϫ13 (2). In the current study, the vaccinia virus I1L promoter was selected for analysis because it has exceptionally high activity (20) and therefore would be expected to have optimized promoter elements. The promoter was linked to the E. coli ␤-galactosidase gene that served as a reporter for promoter activity and transfected into HeLa cells previously infected with vaccinia virus. The I1L promoter was originally reported to be a late promoter (31) . This promoter is shown here to be enhanced in the presence of the DNA synthesis inhibitor HU in a transfection experiment (Fig. 1E) , a hallmark of an intermediate promoter (16) . A plasmid construct with 30 nucleotides upstream of the transcriptional start site was determined to retain full activity compared to one with 100 nucleotides upstream (not shown), and 6 nucleotides downstream were required for optimal activity (Fig. 1A) . Therefore, the I1L promoter with nucleotides Ϫ30 to ϩ6 served as the starting point for analysis of essential sequence elements. Initially, blocks of five nucleotides were replaced with C residues to scan across the promoter to rule out nonessential sequences (not shown). A segment spanning nucleotides Ϫ5 to Ϫ10 was determined to have little effect on promoter strength (Fig. 1A and B) . Nucleotides in blocks found to be essential were replaced individually with C residues (or a G residue if originally a C). This analysis identified the sequence TATTTAAAAGT at nucleotides Ϫ29 to Ϫ14 as important for promoter activity as well as the sequence TAA ATGG from Ϫ1 to ϩ6 (Fig. 1B) . Thus, the nucleotides identified here as important for the function of the I1L promoter are similar in location to those identified in the G8R promoter (2), they are similar in being very AT rich but have difference sequences.
An analysis of the sequence requirement for the L4R late promoter was reported (10) . That study identified a sequence of TAAAT at nucleotides Ϫ1 to ϩ4 on the nontemplate strand of the promoter as being essential for transcription. No other nucleotide at any of the five positions was tolerated. An oligo(T) tract at nucleotides Ϫ15 to Ϫ9 was found to be important as well, although not all nucleotides immediately upstream of the transcriptional start site were tested. The TAAAT motif was also shown to be essential for the F17R promoter (13) . In the current study, the sequence requirements for the I2L promoter were determined systematically as described above for the I1L promoter. Reporter gene expression from the I2L promoter was reduced by HU (Fig. 1E) , demonstrating that it is a lateclass promoter. Fifteen nucleotides upstream of the transcriptional start and six nucleotides downstream were determined to be sufficient to retain full activity of the promoter (Fig. 1C) . Nucleotide replacements identified one functional element at nucleotide positions Ϫ14 to Ϫ8 and another at nucleotide positions Ϫ1 to ϩ6 (Fig. 1D) . Therefore, both an intermediate and a late vaccinia virus promoter have two essential elements: one at the transcriptional start site and another upstream. Hereafter, the element at the start site for transcription hereafter is referred to as the initiator element, and the upstream element is referred to as the core element.
Interconversion (16) . Nucleotides were deleted incrementally from the spacer of the I1L promoter. The first few nucleotide deletions imposed a sharp reduction in promoter activity ( Fig. 2A) . As the number of deletions was increased, the activity of the promoter was restored partially, until optimal restoration occurred at 11 base pairs (bp) of deletion. The activity of the promoter with the 11-bp deletion appears to be low, but this is in comparison to the high activity of the native I1L promoter. The activity of the deleted promoter is actually quite comparable to other vaccinia virus promoters such as that for the H1L promoter ( Fig.  2A, inset) . Significantly, the levels of activity of the promoters with 9 to 11 bp deleted were inhibited by HU, demonstrating that they behaved as though they were late promoters. The activity of the promoter restored with the 11-bp deletion required both the initiator and the newly created late core elements (Fig. 2B ). Replacement of nucleotides at the original position of the wild-type I1L promoter (Ϫ25 to Ϫ21) did not affect the activity of the restored promoter (Fig. 2B ). These results indicate that transcription from the newly created late promoter was initiating within the initiator element and not elsewhere in plasmid construct. The complementary experiment was performed with the I2L promoter. Nucleotides were added incrementally up to 12 bp of additional sequence. Promoter activity actually increased with the addition of the first nucleotide, but declined with further nucleotide addition (Fig. 3C ). Promoter activity was restored partially with the addition of 10 to 12 nucleotides and was optimal with an 11-bp addition. The restored promoters were stimulated by HU, demonstrating that they had the properties of an intermediate promoter. The activity of the promoter restored by the 11 bp addition also required both the initiator and newly created intermediate core element, but not the nucleotides at the Ϫ12 to Ϫ8 positions corresponding to the position of the original late core element ( however, there appears to be no consensus sequence. It is noted that the core sequence for the I1L promoter (TATTTAA) is an exact match to a sequence previously described as a high-affinity binding site for cellular TBP (14) . This protein has preference for DNA having the first four nucleotides of this sequence but tolerates variation in the latter half. TBP tolerates sequence variation because it contacts DNA in the minor groove (17, 18, 34) , and the stereochemistry of the minor groove of an AT pair is very similar to that of a TA pair. Thus, these properties make TBP an attractive candidate for the protein that targets vaccinia virus promoter core elements.
Impact of overexpression of TBP and a dominant negative mutant on vaccinia virus intermediate and late promoter activity. Different approaches for perturbing the level of TBP in the cell were utilized to evaluate the importance of this protein in vaccinia virus transcription. First tested was the effect of overexpression of TBP on vaccinia virus promoter activity. Because vaccinia virus suppresses expression of host cell proteins, the TBP gene was placed under the control of the viral I1L promoter in an expression construct that was cotransfected with the vaccinia virus promoter-driven reporter gene into The insets in panels A and C show activities in an expanded scale relative to that of the vaccinia virus H1L promoter, which is intermediate class. Panels B and D show the activity of the I1L 11-nucleotide spacer deletion and the I2L 11-nucleotide spacer addition, respectively. Shown are the effects of nucleotide replacements (⌬) in the initiator elements (⌬INR; ϩ1), nucleotide replacements in the new core element in the converted promoters (⌬CE; Ϫ13 to Ϫ9 for the I1L promoter and Ϫ25 to Ϫ21 for the I2L promoter), and nucleotide replacement at the original location of the core element in the converted promoter (⌬SPR; Ϫ25 to Ϫ21 for the I1L promoter and Ϫ12 to Ϫ8 for the I2L promoter).
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HeLa cells previously infected with vaccinia virus. Virus-infected cells were transfected with a fixed amount of I1L promoter-reporter plasmid and titrated with increasing amounts of TBP expression construct. The level of reporter enzyme activity increased with increasing TBP expression in a doseresponsive manner, approximately doubling with 4 g of TBP expression vector (Fig. 3A) . The activation response to TBP required a functional promoter. Replacement of five residues in the core element or five residues in the initiator element with C residues resulted in a promoter with very low activity that did not respond to TBP expression (Fig. 3B) . As a control, the effect of expression of a TBP dominant negative mutant on reporter activity was examined. The V169E mutant was designed on the DNA binding surface of TBP, imparting a dominant negative effect on endogenous TBP (27, 40) . The V169E TBP mutant was expressed behind the vaccinia virus I1L promoter and cotransfected with the reporter construct. Titration with increasing amounts of the mutant expression vector in a cotransfection experiment progressively decreased reporter enzyme levels (Fig. 3A) , consistent with a dominant negative effect. If the V169E TBP down-regulates the I1L promoter, then it down-regulates its own synthesis, lessening the effect on reporter expression that otherwise might be observed. Similar experiments were performed with the vaccinia virus I2L late promoter-driven reporter gene. This promoter was about three times more active with 2 g TBP expression vector (Fig. 3C) . The I2L promoter was activated by titration with TBP more strongly than was observed with the I1L promoter. The ability of TBP expression to activate the I2L promoter was also dependent on both its core and initiator elements (Fig. 3D) . The I2L promoter also was inactivated similarly by titration with the V169E TBP mutant. These results indicate that both the vaccinia virus intermediate I1L and late I2L promoters are responsive to TBP. Effect of RNA interference knockdown of TBP on vaccinia virus promoter activity. As an alternative approach toward evaluating the importance of TBP in vaccinia virus transcription, short interfering RNAs (siRNAs) were designed against the mRNA of TBP to reduce the steady-state levels of TBP in HeLa cells. siRNA directed against enhanced GFP, which is not expressed in HeLa cells, was used as a control. siRNA was transfected into cells and incubated for 3 days prior to infection with vaccinia virus and transfection with reporter construct. The siRNA treatment resulted in approximately 80% reduction in endogenous TBP levels (Fig. 4B) . In TBP siRNAtreated cells the level of virus-directed reporter enzyme was reduced to 60% for the intermediate I1L-driven reporter and 40% for the late I2L-driven reporter relative to cells that were treated with control (GFP) siRNA. Thus, siRNA-mediated reduction in intracellular TBP levels reduced the activity of both the intermediate I1L and late I2L vaccinia virus promoters (Fig. 4A) . It is possible that the reduced late promoter activity is a secondary effect of inhibition of transcription of intermediate genes which includes those for the late transcription factors A1L, A2L, and G8R. To circumvent the requirement for intermediate gene transcription in late promoter activation, TBP siRNA-treated cells were infected with vaccinia virus TF7-3 that expresses the T7 RNA polymerase in the presence of HU to block DNA synthesis and intermediate gene transcription. This virus expresses the T7 RNA polymerase from a tandem early/late promoter (11) and therefore would be active in HU-treated cells (16) . Vectors directing the expression of the A1L, A2L, and G8R gene products from a T7 promoter were cotransfected with the I2L promoter reporter construct to allow transcription from late promoters (5, 16) . Under these conditions, the I2L promoter was active and was similarly reduced to about 40% by pretreatment of the cells with TBP siRNA. The activity of the T7 promoter was unaffected by the siRNA, indicating that the reduction of late promoter activity is a direct result of TBP siRNA.
Inhibition of vaccinia virus transcription by adenovirus E1A protein. The E1A protein of adenovirus is a powerful probe for TBP function. The 243R form (also called 12S) of E1A that contains conserved regions 1 and 2 is well documented as being able to inhibit TBP function by sequestering it and interfering with DNA binding (32, 33) . The TBP-inhibitory function localizes to the N-terminal 80 amino acids of E1A in conserved region 1, and several mutations that impair the inhibitory effect have been identified. Full-length E1A, truncated E1A, and E1A mutants were expressed under the control of the vaccinia virus I1L promoter by cotransfection into vaccinia virus-infected HeLa cells along with reporter genes driven by the vaccinia virus I1L promoter. Expression of full-length E1A 243R resulted in inhibition of the intermediate I1L promoter driven reporter (Fig. 5A) . Titration with E1A expression vector showed the inhibition of the I1L promoter was responsive to the amount of E1A plasmid transfected into cells. Expression of E1A N-terminal 80 residues also resulted in inhibition of vaccinia virus promoter activity; however, the deletion of expression of E1A from the N-terminal 80 amino acids did not. These results demonstrate that the I1L promoter is sensitive to E1A, and it is the amino terminal portion of the protein that is responsible for the inhibition. The I2L promoter was similarly impaired by expression of E1A and its N-terminal 80 residues but not significantly affected by expression of residues 81 to 243 (Fig. 5B) .
TBP is not the only known target for E1A. Several other cellular transcription factors have been described as interaction partners of E1A. Most significant among these for this discussion is CBP, whose site of interaction on E1A overlaps the site of interaction with TBP (3, 26) . Extensive mutational analysis of E1A has identified amino acid residues specific to interaction with TBP and CBP, thus allowing discrimination between the two as the basis for repression of transcription.
The L1920A double mutant is defective for interaction with both TBP and CBP, the C6A and I24A mutants are defective for interaction with TBP but not CBP, and the I5G mutant is defective for interaction with CBP but has nearly wild-type affinity for TBP (26) . The expression of each of these mutant forms of E1A was placed under the control of the vaccinia virus I1L promoter and cotransfected with the I1L reporter construct. The mutants were expressed as full-length 243R proteins or in the context of the N-terminal 80 residue protein.
Cotransfection with the I5G mutant E1A protein resulted in about 50% repression of the I1L and I2L promoter activities (Fig. 5B and D) . Expression of the E1A C6A and I24A mutants suppressed reporter activity by about 10%, and the L1920A mutant actually activated promoter activity modestly. The E1A mutations produced the same effect in the context of the truncated form of E1A. These results indicate that TBP is responsible for the inhibition of vaccinia virus intermediate and late promoters by adenovirus E1A.
Localization of TBP binding in vaccinia virus promoters. The I1L promoter core element has a nucleotide sequence previously shown to bind TBP (14) . DNA electrophoretic mobility shift analysis was used to study the interaction of TBP with the vaccinia virus I1L and I2L promoters. Incubation of TBP with intact promoters containing both elements resulted in apparent aggregation of the DNA probe, as surmised because of the inability of the protein-DNA complexes to enter the gel wells despite the inclusion of poly(dG-dC) in the binding reactions (data not shown). To address the interaction of TBP with vaccinia virus promoter elements, oligonucleotides with individual core and initiation elements with relatively GCrich sequences flanking them were incubated with TBP. The core elements of both the I1L and I2L promoters produced two gel-shifted species with TBP (Fig. 6) . The initiator elements of both promoters produced a single shifted complex. The sequence requirements for each of the four elements were analyzed by introducing single-C nucleotide substitutions spanning the elements. Nucleotide substitutions at positions Ϫ23, Ϫ21, and Ϫ19 in the I1L core element impaired interaction with TBP, as did nucleotide replacements at positions Ϫ13 and Ϫ11 in the I2L core element. The substitution at nucleotide position Ϫ9 had minor effect on TBP binding, consistent with its minor effect on transcription. Interaction with TBP was also impaired by nucleotide replacements at positions Ϫ2, ϩ1, and ϩ3 in the initiator elements of both promoters. The effect of nucleotide alterations in the I1L and I2L core elements are consistent with the importance of these nucleotides in the function of both promoters in reporter gene experiments (Fig.  1) . The inhibitory effect of alteration of the Ϫ2 position on TBP binding to the initiator elements is not in agreement with lack of importance of this nucleotide for promoter activity. These results indicate that the TBP binding to the initiator elements is due to fortuitous sites of interaction of TBP with the AT-rich promoter elements, and the essential sites of interaction of TBP with vaccinia virus promoters are the upstream core elements.
TBP domains required for activation of vaccinia virus promoters. The C-terminal domain of TBP is a quasisymmetrical saddle-shaped structure that contacts the TATA box DNA (9) . The N-terminal domain is believed to be required for response to activated transcription by nuclear RNA polymerases and (Fig. 7) . Expression of the C-terminal domain resulted in greater inhibition of both promoters. I1L promoter activity was reduced to about 35% of its normal activity, and I2L was reduced to about 45%. It was concluded that both the N-and C-terminal domains of TBP are essential for its effect on vaccinia virus intermediate and late promoters.
DISCUSSION
In this study, the definition of functional elements in vaccinia virus intermediate and late promoters was used to identify proteins that target the elements. The sequence of the core element of the I1L promoter previously was described as a high-affinity binding site for TBP (14) . The ability to convert the I1L promoter into a late-class promoter through deletion of spacer nucleotides strongly suggests that the same protein can target the core elements of both intermediate and late vaccinia virus promoters. When used with tests for the importance of TBP, an intermediate and a late promoter responded similarly. Both were activated by overexpression of TBP, both were inactivated by expression of a dominant negative mutant TBP, and both were impaired by knockdown of TBP with siRNA. The intermediate and late promoters were impaired by the adenovirus E1A expression and its isolated repression domain but not by E1A mutants that do not interact with TBP. Evidence for interaction of TBP with the core and initiator elements for both an intermediate and late promoters was also presented.
The identification of vaccinia virus intermediate and late promoter elements by sequence alignments has been largely uninformative. Typically, sequences are aligned by the TAAA sequence in the initiator (2, 10, 13); however, no consensus sequence upstream of the initiator can be derived from comparison of multiple promoters. The results presented here demonstrate that the intermediate-and late-class core and initiator elements require a narrow window of nucleotide spacer between them for optimal activity. While changing the number of nucleotides in the respective spacers reduced promoter activity, in no case was activity undetectable. It is quite possible that many natural vaccinia virus promoters have less than optimal spacing between their promoter elements as a mechanism of attenuating transcription to moderate protein expression. Indeed, the activity of the I2L promoter actually increased moderately by the addition of one nucleotide to the spacer between the core and initiator elements (Fig. 2D) . If some promoters have less than optimal spacing between the functional elements, aligning sequences to identify promoter elements would be difficult. DNA binding assays shown here indicate that TBP can form a reasonably stable complex with both the core and initiator element of intermediate and late vaccinia virus promoters. The interaction of TBP with the core elements was predictable, but interaction with the initiator elements was unexpected. There are good correlations between nucleotides in the core elements in both promoters required for promoter activity and interaction with TBP. The sequences of the core elements are consistent with the sequence specificity of TBP. Considerable variation in the core elements is observed through sequence comparison of vaccinia virus promoters, and TBP will interact with a variety of sequences that are mostly AT in base composition (14) . The sequences of vaccinia virus initiator elements, on the other hand, are quite invariant. The sequence TAAAT is nearly universal, and any nucleotide replacement is tolerated weakly, if at all (2, 10) . Thus, the conservation of sequence in initiator elements is not consistent with the DNA binding properties of TBP. Replacement of the Ϫ2 nucleotide in both promoters prevented interaction with TBP but had little effect on promoter activity. Thus, the interaction of TBP with initiator elements appears to be fortuitous and not functionally significant.
Several prior reports describe key information that supports the involvement of TBP in vaccinia virus postreplicative transcription. First, vaccinia virus intermediate and late gene transcription were reported to be inhibited by the antibiotic distamycin A (5). An antibiotic with potent antiviral activity against vaccinia virus (5, 21, 39) . Distamycin A is a DNA minor groove ligand that targets AT-rich sequences (1) such as those in the functional elements of vaccinia virus transcriptional promoters. TBP contacts TATA box DNA exclusively in the helix minor groove (17, 18) , and its binding to DNA is highly sensitive to distamycin A (8). Sequence-specific DNA binding proteins that contact DNA in the minor groove are very atypical (12). TBP's interaction with vaccinia virus promoter DNA is the likely explanation for the virus' sensitivity to distamycin A. A second line of support is a recent report showing that TBP accumulates abundantly in the cytoplasm of vaccinia virusinfected cells despite its normal location in the nucleus (24) . Although TBP is a nuclear transcription factor, vaccinia virus has ample opportunity to take advantage of it as a transcriptional activator. Third, expression of adenovirus E1A protein was reported to suppress vaccinia virus protein expression when expressed by a recombinant vaccinia virus (35) . The viral proteins whose expression was inhibited were identified by pulse-labeling experiments at 6 to 18 h postinfection, indicating that they are late proteins. The target for E1A-mediated suppression of vaccinia virus protein synthesis is likely TBP.
The functional interaction of TBP with both intermediate and late vaccinia virus promoter elements suggests a model for the regulatory switch from intermediate to late gene transcription that occurs during virus infection (Fig. 8) . After DNA replication begins, both intermediate and late promoters would be expected to be occupied by TBP, but only intermediate promoters would be active because the architecture of the intermediate factors assembled on short late promoters is not conducive to assembly of a functional preinitiation complex. As the late transcription factors accumulate, they would be predicted to be more effective competitors for interaction with TBP and may effectively displace intermediate factors from preinitiation complexes on both types of promoters to activate late transcription with a concomitant inactivation of intermediate transcription.
If TBP plays an essential role in vaccinia virus transcription, why does a virus of such high complexity not encode a TBP itself? The even more complex chlorella viruses encode a protein with a sequence consistent with a functional TBP (38) . The answer may lie in the linkage between gene expression and DNA replication. Like with most viruses, the switch between the early and late phases of vaccinia virus gene regulation is inextricably linked to genome replication. Early gene transcription does not cease, and intermediate gene transcription does not begin until DNA replication initiates. Vaccinia virus has been shown to recruit host nuclear proteins, including TBP, into cytoplasmic replication complexes (24) . The accumulation of these proteins in the cytoplasm requires viral DNA replication and a functional DNA binding domain in the nuclear protein. It is possible that TBP will remain restrained in the nucleus during the course of virus infection until a critical mass of DNA accumulates in the cytoplasm to pull transcription factors such as TBP into the cytoplasm to associate with viral replication complexes. Once pulled into the cytoplasm, the host factor would activate viral intermediate gene transcription, thereby inducing the switch (Fig. 8) 
